This study concerns the modeling of three characteristic buoyancy-dominated turbulent diffusion flames such as pool-like, vertical and interaction between pool-like and vertical wall fires. Controlling mechanisms of three dimensional flow, combustion, soot production and radiation are coupled with a Large Eddy Simulation (LES). An EddyBreak-Up concept which accounts for the interaction between combustion and turbulence, is implemented in LES. The numerical models have been validated using experimental data from three turbulent diffusion flames. The predicted mean temperature, velocity and total heat feedback from the high temperature gases in the flame to the wall surface follow closely to the experimental data. Moreover, it is found that LES successfully predicted the important features of highly oscillating buoyancy-controlled pool-like fire (recirculation zone, narrowing and broadening of the flame). While, the standard Smagorinsky sub-grid scale model should be improved to predict the variation of the fluctuating velocity and temperature for the vertical wall fires.
INTRODUCTION
A large number of studies [1] [2] [3] [4] [5] [6] [7] have been performed on the characteristics of buoyant diffusion flames above horizontal or vertical gaseous or liquid fuel burners. Becker [2] et Bouhafid [3] have demonstrated that, in the natural convection limit, as the Froude number decreases, coherent structures appear in the reactive zone, the flame presenting a pronounced instability due to buoyancy. The detailed measurements of the flame and flow structures for three characteristic fire configurations, such as pool-like fire, vertical wall fire and interaction between pool-like and vertical wall fires in medium-scale, have been performed by Annarumma et al. [5] . Several authors [6, 7] have shown the limit of the use of Reynolds Averaged Navier-Stokes (RANS) ε − k turbulence model to simulate the highly oscillating buoyancy-induced turbulent diffusion flame. The main difficulty lies in the modeling of the entire process including a fluctuating, laminar, diffusion flame at the fire base due to buoyancy, and a turbulent, intermittent one as it evolves upward along the fire plume.
This article presents an application of Large-Eddy-Simulation (LES) for solving the fluid dynamic equations of three-dimensional elliptic, reacting flow. In this work, the fire itself is prescribed in a manner consistent with mixing-controlled combustion. For the first time, combustion and soot models both based on an Eddy-Break-Up (EBU) concept [8] have been implemented in LES. The large scale transport of combustion products can be simulated directly, but combustion processes occuring at small length and time scales are represented in an approximate manner through the standard Smagorinsky sub-grid scale model [9] . A radiative transfer equation is solved through the use of a Finite Volume Method [10] . Radiative emission and absorption in the gas-soot mixture is included by using Modak model [11] . The present work uses finite-difference method to discretize the appropriate conservation equations. Three characteristic fire configurations are chosen to validate the numerical models. The mean temperature, velocity, fluctuation and heat flux are compared with the experimental data, and a good agreement is observed.
THEORETICAL ANALYSIS
The starting point of the analysis is the set of an approximate form of the Navier-Stokes equations appropriate for low Mach number applications. The approximation involves the filtering out of acoustic waves while allowing for large variations in temperature and density [10] . This set consists of the following equations : the continuity equation, the three momentum equations in each of the three space dimensions, the conservation equation for the mass fraction of chemical species, the conservation equation for soot production, and the radiative transfer equation. The key features of each of these will be briefly described.
Flowfield Model
LES is based on a filtering operation, which decomposes a full flowfield,
Applying the filtering operation to each term in the conservation equations of mass, momentum, energy and species, and decomposing the dependent variables (u, v, w, p, etc) into resolved and subgrid components results in the filtered governing equations, shown below :
where an overbar denotes the filtered variable. The unresolved field,
, is modeled by the Smagorinsky model [9] . In this model, the SGS Reynolds stresses tensor, τ SGS , ij , are related to the local large scale rate of strain.
Here, S ij is the magnitude of the large scale strain rate tensor S ij , and ∆ the filter width. In the calculations, the length scale of eddy viscosity is tied to the grid as
, and its time scale is determined by the local resolvable dissipation rate. In this study, the standard value of C s =0.2 is assigned. The SGS turbulent scalar flux is based on an eddy viscosity assumption, resulting in the following equation :
where σ φ denotes the turbulent Prandtl or Schmit number (Pr t =Sc t =0.5). For the energy equation, Sφ in Eq. 4 includs the rate of heat release per unit volume, q c , and the radiant energy flux, q r. Finally, the perfect gas law is used to describe the equation of state.
Combustion Model
It is assumed that chemical reaction of propane in air proceeds through a single irreversible step,
The combustion processes are governed by the conservation equation for the filtered mass fraction of fuel gases (
), written as Eq. 4. The gas-phase oxidation reaction is characterized by a mixing rate model for which the local reaction rate, ω f , is calculated from an Eddy Break-Up (EBU) concept
Here ν f is mass stoichiometric oxidant/fuel ratio, and C Ebu , is the EBU constant given the value 4. The turbulent kinetic energy and its dissipation are induced from the eddy viscosity and its length scale,
Here Cµ and Cε are constants given the value 0.0856 and 0.845, respectively. Finally, the heat release rate is directly proportional to the rate of consumption of fuel,
Here, H f is the heat release rate per unit mass of fuel consumed.
Soot Formation and Oxydation
The soot formation and its oxidation are incorporated into a turbulent flow calculation in two convection-diffusion equations, expressed as Eq. 4 in which φ represent the precursor particles density, n, and soot number density, N. The expression for the rate of radical nuclei and soot formation, ωφ Form , , is given in Ref. [8] . The interaction between soot combustion and turbulence is modeled according to the Eddy-Break-Up concept [8] , formulated as,
Here, ν s is the stoichiometric oxygen requirement to burn 1kg soot, and m s the mass of a soot particle.
Radiation Model
The radiation intensity, I, is found by solving the radiative transfer equation without scattering,
This equation is solved through the use of a Finite Volume Method [10] . The radiative source term, q r , in the energy equation is calculated from the divergence of the radiative flux. The overall absorption coefficient, κ , for the soot and gas mixture is determined through Modak model [11] in function of the temperature and concentration of combustion products. The soot volume fraction (f v ) is obtained at any location from soot number density, N. Here, it is assumed that soot particles are spherical with an uniform diameter (
Method of Resolution
The finite-difference technique is used to discretize the partial differential equations. This procedure entails the subdividing of the calculation domain into a finite number of cells. The velocities (u i ) are taken on the boundary of each cell; and all the scalar variables are taken at cell centers. This staggered grid leads to a very efficient differencing scheme for the equations. All spatial derivatives are approximated by second-order central differences and the flow variables are updated in time using an explicit second-order Runge-Kutta scheme. The pressure is found by taking the divergence of the momentum equations, yielding a Poisson equation which is solved with a direct solver developped by McGrattan [10] . The no-slip condition is imposed by setting all velocities to zero at the inert solid surface.
RESULTS AND DISCUSSION
The predicted flame structures and the coordinate system adapted in numerical simulation for the three propane diffusion flames are shown in Fig. 1(a,b,c) . In general, the pool-like fire is characterized by an initially weak Froude number, and strongly influenced by the gravity force. While, for the vertical wall fires, the dominant aerodynamic parameter is the Grashof number. The first flame ( For the three characteristic fires, the combustible gases are injected through the porous plates at extremely low velocities (few mm/s), simulating the pyrolysis rate of a condensed fuel. The free boundaries are located sufficiently far away from the fire to minimize a numerical perturbation. Temperatures were obtained by means of fine wire thermocouples. Velocities were determined using a two-component laser doppler velocimetry (LDV) system. The experimental data for the temperature and velocity fields being available only in the symmetrical plane x-z, the numerical results are only examined in this plane.
At first, the calculated values of the pool-like fire (cf. Fig. 1a) , such as the mean temperature T, the mean longitudinal velocity, w, in the direction z, and transversal one, u, in the direction x, are compared with the experimental data in Fig. 2(a,b,c) . The locations of the peak temperature are in good agreement with experiments, while lateral extent of the flame is underestimated. The use of the EBU combustion model based on a one-step irreversible chemical reaction is not sufficient to improve the prediction of the lateral flame extent. The profiles of the longitudinal velocity, w (cf. Fig. 2b ) are in close agreement with the experimental values. The entrainment air velocity near the burner surface is also correctly predicted, confirmed by the profile of the transverse velocity, u (cf. Fig. 2c ) which is in close agreement with the experimental data at z=0.015 m. However, the entrainment air is not well described by the model for the far downstream Fig. 3 and Fig. 4. From Fig. 1a , it can be seen that at the flame base, immediately above the burner surface (z=0.035 m), is the intermittent zone with a fluctuating, turbulent character which coincides with the periodic formation of large turbulent structures. In general terms, the comparison between prediction and experiment is reasonably good, although the transversal velocity fluctuation, u'u', is clearly underestimated. Globally, the numerical model is capable of reproducing the mechanism generating the buoyant instability present in the early development of the flame and the transition to turbulence in the lower part of the fire (z=0.035). For the second flame (cf. Fig. 1b) , the presence of a pool fire at the base of the vertical burning wall, induces a significant thermal layer (T>500 K) at the floor level, evident in Fig. 5a for the profiles of the mean temperature at z=0.13 m. Near the vertical burning wall, the mean temperature is correctly predicted. While, far away from that region (x>0.1 m), the lateral extent of the diffusion flame is clearly under-predicted due to the one-step chemical reaction. As compared to pool-like fire, interaction between pool-like and vertical wall fires induces a larger transversal velocity (u=-0.7 m/s) at the flame base, and longitudinal velocity (w=3.4 m/s) near the exit (z=0.72 m). In general terms, the experimental trend is reasonably reproduced by the numerical model. The predicted profiles of the longitudinal and transversal velocity fluctuations, w'w' and u'u', at z=0.015 and 0.72 m are compared with the measured values in Fig. 6(a,b) and Fig. 7(a,b) . The longitudinal velocity fluctuation, w'w', seems somewhat under-predicted at the base of the corner fire (z=0.015 m), while over-predicted far away from the corner (z=0.72 m). However, the transversal velocity fluctuation, u'u', is always under-predicted as compared to the experiment one. Globally, as compared to the prediction of the pool-like fire, the quality of the agreement between prediction and experiment for the vertical wall fire deteriorates. The high levels of the measured velocity fluctuation, u'u', due to the presence of large-scale coherent structures can not be correctly predicted. The divergence between prediction and experiment highlights the serious shortcoming in the standard Smagorinsky constant (C s =0.2) used in LES approach which fails to describe the turbulent mixing of the vertical wall fire. The last flame characterized by a fire propagation behind a burner (pyrolysis zone) along a vertical wall (cf. Fig. 1c ) is examined. Figure 8(a,b) shows the profiles for the predicted and measured mean temperature, T, and the longitudinal velocity, w. Globally, agreement between prediction and measurement is relatively good in terms of magnitude and distribution. The temperature progressively decreases with the height, z, from the burner (pyrolysis zone) as energy is convected away from the hot flame region. However, analysis of temperature profiles shows that the model overpredicts the temperature peak near the burner at z/H b =1.5, and underpredicts the extent of the higher temperature regions far away from the vertical wall (x>0.07 m). A consequence of the temperature profiles is the significant discrepancies for the extent of the higher velocity regions far away from the vertical wall (x>0.07 m) with an underprediction of about 30%. The maximum fluid velocity, occurring in the high temperature region, first increases with elevation, z, due to the combined effects of natural convection and air entrainment, and later remains almost constant far away from the burner (pyrolysis zone) due to turbulence development. In this study, only for the case of wall fire propagation (Fig. 1c) , the flamesurface heat flux downstream behind the burner (pyrolysis zone) for H z b ≥ (=0.5 m) is examined, because this zone is responsible for the fire to spread over a condensed fuel surface. Some interesting information can be drawn by displaying the isolines of the convective, radiative and total heat flux in the y-z plane, as shown in Fig. 9(a,b,c,d ). It is worth noting that conditions similar to those of an equilibrium turbulent boundary layer (Couette flow [12] ) are assumed to prevail near the wall surface, and the convective heat feedback (Fig. 9a) is calculated from
far away from the wall for viscous effects to be negligible, that is, at 30 y ≥ + . Here, T g denotes the gas temperature and T s wall surface temperature; the other symbols are defined in Ref. [12] . The convection flux (Fig. 9a) is found to progressively increase downstream behind the burner (pyrolysis zone) to a maximum at z/H b =2, mainly due to the enhancement of the turbulence level. Far away from that region for z/H b >2, decrease of the convection flux is principally due to a reduction in the temperature gradient near the wall surface. The flame radiation contribution to the wall surface, as presented in Fig. 9b , is computed from a discrete representation of the radiative intensity field (Eq. 10). The flame radiation flux is found to decrease monotoneously with height downstream behind the burner (pyrolysis zone) due to the attenuation of reacting zone. It appears that for the vertical wall fire, the radiation flux seems to play a secondary role, and the maximum contribution by convection accounts for about 75% of the total heat flux. During experiment, the total heat feedback to the wall was measured by means of the radiometers. Measurements of the total heat flux (q conv +q rad ) downstream behind the burner (pyrolysis zone) are also presented in Fig. 9d , and considered as a reference for validating the numerical models. It can be seen that agreement between predicted (Fig. 9c) and measured (Fig. 9d) mean total heat flux (W/cm 2 ) is relatively good in terms of magnitude and distribution. However, the experimentally-determined total heat flux appears more perturbed as compared to the predicted one. Because the task of obtaining accurate measurement of the total heat flux is still very difficult in a buoyancy-dominated turbulent fire. During combustion, the formed soot is transported by the fire-induced flow through convection and diffusion, and plays an important role on flame radiation. Therefore, the predicted soot volume fraction contours for the three fire configurations are also examined in Fig. 10(a,b,c) . A similar trend of the soot formation in the diffusion flame subjected to a buoyancy-induced flow is observed. In all the cases, soot production seems to occur close to the high temperature fuel-rich side of stoichiometric, and decays rapidly once in the fuel-lean region. For the case of wall fire propagation behind a vertical burner (pyrolysis zone), a peak soot volume fraction value of about 5.5x10 -7 is predicted, and however, for the pool-like and corner fires, this peak value is only about 3x10 -7 . It seems that the higher temperature level (T>1400 K) at lower base of the vertical wall fire (z/H b <1.5 m) induces a slight increase of the soot formation. Globally, these peak values are consistent with that experimentally-determined for the propane-air diffusion flame. 
CONCLUSION
An Eddy Break-Up model coupled with a Large Eddy Simulation is tested by modeling three characteristic fires in an intermediate scale.
The numerical results show that interaction between turbulence and soot oxidation is correctly predicted by using EBU concept. Globally, the predicted mean temperature and velocity profiles are in good agreement with the experimental data. The measured results suggest that a buoyancycontrolled fire produces a complex time-dependent temperature and velocity fields. The behavior of the large-scale, highly fluctuating temperature and velocity fields due to buoyancy is reasonably well reproduced by the numerical simulation. For the vertical wall fire, contribution by radiation is lower than 40% of the total heat flux, and convection can become a dominant mode of heat transfer along the vertical burning wall. In general, the velocity fluctuation is underpredicted as compared to measured one, particularly for the vertical wall fire, due to the standard Smagorinsky sub-grid scale model based on a constant C s =0.2. Ongoing work is accounting for a dynamique subgridscale turbulence model for modeling the bouyancy-controlled, vertical wall fire.
